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A B S T R A C T
Identifying determinants of long-term functional outcome after a distal radius fracture is challenging. Previously,
we reported on the association between early HR-pQCT measurements and clinical outcome 12weeks after a
conservatively treated distal radius fracture. We extended the follow-up and assessed functional outcome after
two years in relation to early HR-pQCT derived bone parameters.
HR-pQCT scans of the fracture region were performed in 15 postmenopausal women with a distal radius
fracture at 1–2 (baseline), 3–4weeks and 26months post-fracture. Additionally, the contralateral distal radius
was scanned at baseline. Bone density, micro-architecture parameters and bone stiffness using micro-finite
element analysis (μFEA) were evaluated. During all visits, wrist pain and function were assessed using the
patient-rated wrist evaluation questionnaire (PRWE), quantifying functional outcome with a score between 0
and 100.
Two-year PRWE was associated with torsional and bending stiffness 3–4weeks post-fracture (R2: 0.49,
p= 0.006 and R2: 0.54, p=0.003, respectively). In contrast, early micro-architecture parameters of the fracture
region or contralateral bone parameters did not show any association with long-term outcome.
This exploratory study indicates that HR-pQCT with μFEA performed within four weeks after a distal radius
fracture captures biomechanical fracture characteristics that are associated with long-term functional outcome
and therefore could be a valuable early outcome measure in clinical trials and clinical practice.
1. Introduction
A fracture of the distal radius is one of the most frequently occurring
fractures, with a reported incidence of 39.7 per 10,000 person-years in
women over 50 years old [1] and accounts for 30% of the patients in-
vited to the fracture liaison service (FLS) [2].
Non- or minimally displaced and stable distal radius fractures in
postmenopausal women are usually treated by cast immobilization [3].
However, functional outcome of these fractures is highly variable and
cannot be accounted for by fracture classification alone [4,5]. Nu-
merous studies have been conducted to find predictors of long-term
outcome after a distal radius fracture [6,7], but this has not yet led to a
clinically implementable guideline [8].
Using high-resolution peripheral quantitative computed tomo-
graphy (HR-pQCT) scans obtained during the early phases of fracture
healing, we previously showed that a better functional outcome after
12 weeks was associated with an early increase in torsional stiffness and
trabecular bone mineral density and an early decrease in trabecular
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separation [9].
It is known that bone remodeling, the last phase of fracture healing,
continues for months or even years after a fracture [10]. Furthermore, it
has also been proposed that the duration of follow-up for the functional
outcome of a distal radius fracture should be at least 1 year [11]. We
therefore extended our 12-week study with an additional long-term
follow-up visit 2 years post-fracture.
The objective of this exploratory cohort study was to assess the
association between long-term functional outcome (pain and disability)
after a distal radius fracture and early HR-pQCT-derived bone density,
structural parameters, and calculated stiffness and their early changes.
2. Material and methods
2.1. Study population and design
In the original cohort study [9,12], 20 postmenopausal women
visiting the emergency room of the Maastricht University Medical
Center (the Netherlands) with a unilateral distal radius fracture be-
tween September 2011 and August 2012 were included. Patients re-
quiring surgical treatment were excluded. Further in- and exclusion
criteria are presented in Table 1. Standard clinical care as per the na-
tional guidelines consisted of fracture reduction if indicated, cast
treatment and referral to the FLS for screening on osteoporosis using
DXA [2]. Study participation (or results thereof) did not affect the de-
cision at the FLS to start treatment for osteoporosis, if diagnosed.
Of these 20 included patients, 18 completed the initial follow-up
period with visits at 1 to 2 weeks (visit 1), 3 to 4 weeks (visit 2), 6 to
8 weeks (visit 3) and 12weeks (visit 4) post-fracture. These patients
were invited to participate in a long-term follow-up visit 2 years later.
Both the original 12-week study and this long-term follow-up visit
were approved by an independent Medical Ethics Committee (protocol
registration number NTR3821). Study participants signed an additional




All study participants received usual care, including standard
anteroposterior and lateral radiographs of the injured wrist at the
emergency room visit and at the physicians' discretion during follow-
up. Fracture classification based on these images (i.e. AO-classification,
comminuted vs. non-comminuted, intra- vs. extra-articular, reduction
vs. no reduction) was retrieved from the patients' medical records.
2.2.2. Functional outcome
Functional outcome at all visits was measured using the Dutch
version of the Patient Rated Wrist Evaluation (PRWE) questionnaire
[13,14], a validated instrument to assess outcome after distal radius
fractures [15]. The PRWE questionnaire consists of 15 items divided in
a pain- and a function subset. The combined score ranges from 0 (no
pain/disabilities) to 100 (worst pain/disabilities). PRWE results were
clustered in categories according to severity as described elsewhere
[16]: none/minimal (0−20), mild (21–40), moderate (41–60), severe
(61–80) and very severe (81–100).
2.2.3. HR-pQCT measurements
HR-pQCT-scans (XtremeCT-1, Scanco Medical AG, Switzerland) of
the fracture region were performed at 1 to 2 weeks (visit 1), 3 to
4 weeks (visit 2) and 2 years (visit 5) post-fracture. Casts were saved
after removal and temporarily reapplied during all follow-up scans.
Images were acquired using the manufacturer's standard in vivo settings
(82 μm isotropic voxel size, X-ray tube voltage 60 kVp and tube current
0.9 mA, 100ms integration time, 750 projections/180°).
Scan length was set at 18mm/220 slices, with the offset from the
proximal edge of the lunate bone (reference point) being determined by
the individual fracture location and kept the same for the follow-up
scan. Due to the cast around the lower arm, the standard holder could
not be utilized. Instead, a custom carbon cylinder with inflatable
cushion (Pearltec AG, Schlieren, Switzerland) was used to hold the
subject's arm during scanning and minimize motion artifacts [17].
Additionally, the unfractured contralateral radius was scanned during
the first visit at a fixed region for all patients (9.5 mm from the proximal
edge of the lunate) with a scan length of 110 slices (9 mm) using the
same custom holder.
Scans were quality-graded by the operator according to the criteria
described by Pialat and colleagues [18]. When motion artifacts resulted
in an image of insufficient quality (i.e. grade 4 or 5), the scan was re-
peated once. If the repeated scan was also of insufficient quality, the
HR-pQCT data of that particular visit was not used for the analyses.
2.3. Analyses
2.3.1. Image processing: bone density and microarchitecture
HR-pQCT scans were processed and evaluated according to the
standard patient evaluation protocol as provided by the manufacturer.
In short, a semi-automatic contouring method was used to define the
periosteal boundary surface of the distal radius. Then, a Laplace-
Hamming filter was applied (epsilon 0.5 and cut-off frequency 0.4) with
subsequent normalization (range 0–1000) and global thresholding
(threshold 400) to extract the voxels that represented mineralized
tissue. Volumetric bone density (mgHA/cm3) was determined for the
total region, and the trabecular and cortical region separately. The
microarchitecture of the scanned region was analyzed by trabecular
number (1/mm), thickness (mm) and separation (mm). These were all
derived with a 3D ridge extraction method [19]. Cortical thickness was
calculated with the cortical volume divided by the outer cortical sur-
face.
2.3.2. Micro-finite element analysis
From the segmented HR-pQCT images, micro-finite element (μFE)
models were constructed where bone-representing voxels were con-
verted into a brick element of the same size. The material properties
assigned to these elements were similar as in earlier studies: [20,21] a
Young's modules of 10 GPa and a Poisson's ratio of 0.3.
Bone stiffness was assessed by four virtual load cases: a high-friction
compression test (prescribed displacement of 1% length change in axial
direction), a rotation test around the longitudinal axis (0.01 rad) to
estimate torsional stiffness, and finally two rotational tests around the
sagittal and transversal axis (0.01 rad), which were combined to esti-
mate bending stiffness [9].
Table 1
Inclusion and exclusion criteria.
Inclusion criteria
• Postmenopausal women• Older than 50 years• Distal radius fracture• Treated by cast immobilization• Willing and able to participate• Provides informed consent
Exclusion criteria
• Previous surgery at current fracture location• Active or suspected infection in past 3 months• Malignant disease in past 12months• Neuromuscular or neurosensory condition• Known systemic or metabolic bone disease• Active inflammatory disease• Oral glucocorticoid use in past 12months• Mental incompetence• Severe concurrent joint involvement• Participation in another distal radius trial
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2.4. Statistical analysis
Baseline characteristics of the study group were reported as median
with first and third quartiles. The association between the clinical
fracture characteristics as described by the attending physician and
having a low (0–40) or moderate/high (41–100) PRWE score were as-
sessed with the Mann-Whitney U test. For the first and second visit, the
association of HR-pQCT and μFEA parameters with the 2-year PRWE
score was evaluated with simple linear regression models. In addition,
the change between the first two visits was calculated for each HR-
pQCT and μFEA parameter and analyzed similarly. In accordance with
the exploratory nature of this study, no correction for multiple testing
was applied in order to not further decrease statistical power. All sta-
tistical analyses were performed in SPSS 24.0 (IBM Corp., Armonk, NY,
USA) with a significance level of α=0.05.
3. Results
Of the 18 patients who completed the first study [9,12], 2 were
unable to participate in the 2-year follow-up: one patient was deceased
and one was unable to provide informed consent due to Alzheimer's
disease. In addition, one patient declined participation. Thus, 15 sub-
jects were included for the long-term analyses with a mean time be-
tween fracture date and the last follow-up visit of 115 weeks (range
98–127weeks). Patient characteristics are described in Table 2. Despite
a repeat scan when the first scan of a visit was of insufficient quality, 7
out of 45 visits (16%) produced a scan with motion grade 4 or 5 ac-
cording to Pialat et al. [18] As a consequence, 38 scans were used in the
statistical analyses (N=12 for visits 1 and 5, N=14 for visit 2, and
N=11 for change between visit 1 and 2).
3.1. Functional long-term outcome in relation to fracture characteristics
The functional outcome as measured with the PRWE questionnaire
2 years post-fracture showed that more than half of the study partici-
pants experienced a good recovery, with 8 patients (53%) reporting no
or only mild pain and disability (a score between 0 and 40), vs. 7 pa-
tients (47%) having moderate to very severe complaints (Fig. 1). This
group also included a patient who developed complex regional pain
syndrome (CRPS) during fracture healing [22].
PRWE score at 2 years post-fracture did not differ between extra- vs.
intra-articular fractures as classified on conventional radiographs (AO
type A vs. type C: median 12 vs. 35, p=0.61; the study population
contained no type B fractures), comminuted vs. non-comminuted frac-
tures (median 11 vs. 48, p=0.75) or fractures that required reduction
vs. fractures that did not (median 22 vs. 24, p=0.27). Further ex-
ploratory analyses of the distribution of baseline characteristics ac-
cording to functional outcome 2 years post-fracture did not reveal
meaningful associations (data not shown), however it should be noted
that the number of patients in the resulting subgroups were small.
3.2. Functional long-term outcome in relation to HR-pQCT measurements
Two years post-fracture, PRWE score was significantly related to
early torsional and bending stiffness but not with early bone density,
micro-architecture, geometry or compression stiffness of the fracture
region or their early changes (Table 3, Fig. 2).
Up to 54% of the PRWE score 2 years post-fracture was explained by
torsional or bending strength at the second visit, 3 to 4 weeks after the
fracture. Based on the regression analysis, a 50 kNmm/rad higher tor-
sional stiffness during the early stages of fracture healing translated into
a decrease of 10 points on the PRWE questionnaire 2 years post-frac-
ture.
These results were unaffected by including bisphosphonate use or
25 (OH) D level as covariates in the statistical model. Of note, the re-
sults were similar regardless of including or excluding the patient with
CRPS in the analyses (data not shown). No statistically significant as-
sociations between (early) longitudinal changes and long-term func-
tional outcome were detected. Additionally, there was no significant
association between the baseline measurements at the contralateral
unfractured radius and long-term function, nor between long-term
fracture region HR-pQCT results and PRWE-score at the 2-year visit
(Supplemental Table 1).
4. Discussion
Previously, we described the healing of distal radius fractures from a
strength perspective, including a comparison with the unfractured
contralateral side [10]. In this study, we investigated the relation of HR-
pQCT-derived bone parameters after a distal radius fracture with
functional outcome 2 years post-fracture. Our main finding was that a
Table 2
Baseline characteristics of the 15 postmenopausal women who completed the 2-
year follow-up visit.
Median (Q1 to Q3)
Age at time of fracture (years) 64 (55 to 69)
Weight (kg)a 67 (59 to 73)
BMI (kg/m2)a 26 (24 to 28)
T-score total hipa,b −1.6 (−2.3 to −0.9)
T-score lumbar spinea −2.5 (−3.2 to −1.0)
25(OH)D level (nmol/l) 58 (38 to 95)
N %
25(OH)D level < 50 nmol/l 5 (33%)
Prior bisphosphonate use 1 (7%)
Bisphosphonate start after fracturec 11 (73%)
AO fracture classification:
– A (extraarticular) 7 (47%)
– B (partial articular) 0 (0%)
– C (complete articular) 8 (53%)
a Weight, BMI (body mass index) and T-scores were available for 14 patients.
b Total hip T-score was missing for 1 additional patient due to bilateral hip
prostheses.
c Independent of study participation, patients were simultaneously screened
at the fracture liaison service to determine the indication for starting a bi-
sphosphonate.
Fig. 1. Pain and disability after a distal radius fracture, measured and classified
according to the PRWE score [16]: 0–20=none/minimal; 21–40=mild:
41–60=moderate; 61–80= severe; 81–100=very severe.
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higher torsional or bending stiffness of the fracture region at week 3–4
post-fracture was associated with lower long-term pain and disability
(PRWE) scores at 2 years. In contrast, no associations were found be-
tween long-term functional outcome and bone micro-architecture or
stiffness at the healed fracture region 2 years post-fracture, nor with the
contralateral unfractured distal radius at time of fracture. This indicates
that the torsional or bending strength obtained in the early phase of
fracture healing, but not the pre-fracture bone structure or strength, are
significant determinants for long-term functional outcome.
An interesting observation is that compression stiffness was not
associated with 2-year functional outcome. Since torsional and bending
stiffness depend on the cortical bone perimeter and structural integrity
more than compression stiffness [23] (Fig. 3), these results suggest that
a larger perimeter and better cortical integrity at an early stage of
healing are the reasons for a better outcome.
Previous studies have reported an association between injury com-
pensation, educational level and radial shortening with 1-year func-
tional outcome after a distal radius fracture [16,24]. These factors ex-
plained 25% of the observed variance in the functional outcome,
whereas in our dataset torsional or bending stiffness at 3–4weeks post-
fracture explained approximately half of PRWE scores 2 years post-
fracture.
The minimal clinically important difference for the PRWE score
after distal radius fractures was reported to be 11.5 points [25]. Based
on the regression equation in this study, such a difference is reflected by
a 57.5 kNmm/rad separation in fracture region torsional stiffness be-
tween two patients 3–4weeks post-fracture, a meaningful value
considering the range of torsional stiffness observed at this visit
(~200–500 kNmm/rad).
Of interest, μFEA results obtained at visit 2, 3–4weeks after the
fracture, showed a statistically significant association with functional
outcome after 2 years, while the results of visit 1, 1–2weeks after the
fracture, were less striking. This could probably be explained by the
smaller sample size at visit 1 (N=12) due to a higher number of scans
with significant motion artifacts compared to visit 2 (N=14). A more
likely explanation may be that μFEA within the first 2 weeks after the
trauma overestimates the biomechanical parameters and that these are
better characterized at 3–4weeks post-fracture [9,26].
The finding that the HR-pQCT derived stiffness parameters at week
3–4, but not the change of these parameters during early fracture
healing, were associated with long-term functional outcome, contrasts
with our earlier study, where it was shown that early changes in bone
structure and strength are predictive of 12-week functional outcome
[12]. However, these parameters might reveal different aspects of the
fracture and its healing process: changes as measured with follow-up
scans during the first weeks of fracture healing may reflect the biology
of the healing response; a faster change, i.e. healing, due to the meta-
bolism of the fracture region, is reflected by a lower pain score and
better function score 12 weeks after the fracture. The final outcome
however has not yet been achieved at that moment, for which the
biological response at the early stages of fracture healing appears to be
less important but could be determined primarily by the geometrical
fracture characteristics such as the cortical integrity of the fracture as
discussed above. As shown in this study, these are best determined at
Table 3
Association between functional outcome 2 years post-fracture as assessed by PRWE, and HR-pQCT and μFEA parameters during the early stages of fracture healing.
Statistically significant results (α=0.05) are denoted in bold.
Visit 1 (1–2 weeks post-fracture) Visit 2 (3–4 weeks post-fracture) Δ visit 1 - visit 2
B (95% CI) β (p-value) B (95% CI) β (p-value) B (95% CI) β (p-value)
Density parameters
Total 0.00 (−0.39 to 0.39) 0.00 (0.995) −0.06 (−0.45 to 0.32) −0.10 (0.721) −0.51 (−2.62 to 1.60) −0.18 (0.598)
Cortical −0.02 (−0.21 to 0.18) −0.06 (0.855) −0.07 (−0.22 to 0.09) −0.26 (0.362) −0.83 (−3.08 to 1.41) −0.27 (0.421)
Trabecular 0.14 (−0.58 to 0.86) 0.13 (0.682) 0.20 (−0.45 to 0.86) 0.19 (0.507) −0.55 (−2.80 to 1.71) −0.18 (0.598)
Micro-architectural parameters
Trabecular number 24.5 (−18.8 to 67.8) 0.37 (0.236) 13.4 (−29.8 to 56.5) 0.19 (0.512) 36.7 (−62.5 to 135.8) 0.27 (0.424)
Trabecular thickness −575 (−1868 to 717) −0.30 (0.345) −111 (−1955 to 1733) −0.04 (0.898) −1232 (−3789 to 1325) −0.34 (0.304)
Trabecular separation −75 (−217 to 66) −0.35 (0.264) −62 (−242 to 119) −0.21 (0.470) −48 (−409 to 313) −0.10 (0.769)
Geometric parameters
Cortical thickness −6.9 (−112.9 to 99.1) −0.05 (0.887) −30.0 (−124.8 to 64.8) −0.20 (0.504) 291.0 (−418.6 to 1001) 0.30 (0.378)
Cortical perimeter 0.39 (−1.06 to 1.84) 0.19 (0.562) 0.22 (−0.79 to 1.24) 0.14 (0.639) −3.64 (−7.55 to 0.26) −0.58 (0.064)
Biomechanical parameters
Compression stiffness −0.61 (−3.55 to 2.34) −0.14 (0.656) −0.79 (−3.22 to 1.64) −0.20 (0.492) −0.16 (−8.95 to 8.63) −0.01 (0.968)
Torsional stiffness −0.13 (−0.27 to 0.01) −0.54 (0.072) −0.20 (−0.32 to− 0.07) −0.70 (0.006) −0.01 (−0.39 to 0.37) −0.03 (0.939)
Bending stiffness −0.09 (−0.17 to− 0.01) −0.61 (0.035) −0.11 (−0.18 to− 0.05) −0.74 (0.003) 0.00 (−0.18 to 0.18) −0.02 (0.963)
PRWE=Patient Rated Wrist Evaluation; HR-pQCT=High Resolution peripheral Quantitative Computed Tomography; μFEA=micro-Finite Element Analysis;
B= regression coefficient (unstandardized); β=standardized regression coefficient; CI= confidence interval.
Fig. 2. Association between PRWE score 2 years post-fracture and compression, torsional and bending stiffness derived from μFEA at 3–4 weeks. Of note, the
torsional- and bending stiffness graphs feature broken horizontal axes with a non-zero origin.
PRWE=Patient Rated Wrist Evaluation; A & B mark the study participants shown in Fig. 4A & B.
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3–4weeks post-fracture. Integrating these observations leads us to the
concept visualized in Fig. 5: early HR-pQCT with μFEA captures the
geometrical fracture characteristics which are related to long-term
outcome, whereas changes between these early measurements capture
the metabolic healing rate related to 12-week outcome. Of note, the
term geometrical fracture characteristics as used in this paper is not the
same as the intra-articular aspects of a distal radius fracture, which are
also important to functional recovery, but are not captured in the
scanned region in this study.
Additionally, with respect to long-term outcome it is worth noting
that a substantial number of distal radius fracture patients in our study
population still experienced a significant degree of pain and disability.
Although Fig. 1 shows that most of the patients had improved from
severe to moderate pain/disability after 2 years compared to visit 1, our
data nevertheless indicates that nearly half of conservatively treated
distal radius fracture patients should not be considered as fully re-
covered. This is a higher proportion than reported elsewhere, possibly
explained by a different follow-up length [5].
Fig. 3. Energy equivalent strain during torsional (A) and compression (B) loading of a distal radius fracture, illustrating the relatively greater contribution of cortical
bone during the former, compared to the latter.
Fig. 4. Segmented 3-dimensional HR-pQCT reconstructions (1–2weeks post-fracture) and conventional X-ray images (taken during the emergency room visit im-
mediately after the fracture, HR-pQCT scan region is indicated), illustrating that μFEA offers additional information beyond visual inspection; A: a low calculated
stiffness and a high PRWE score after two years (=worse outcome) vs. B: a high calculated stiffness and a low PRWE score after two years (=better functional
outcome). Figures correspond to patients A & B marked in Fig. 2.
HR-pQCT=High Resolution peripheral Quantitative Computed Tomography; μFEA=micro-Finite Element Analysis; PRWE=Patient Rated Wrist Evaluation
F.L. Heyer, et al. Bone 127 (2019) 510–516
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Several limitations should be considered regarding this study. First,
the exploratory nature (including not adjusting for multiple testing) and
the small sample size restrict the generalization of our findings and
require larger studies to verify these results. Furthermore, the clinical
fracture classifications (e.g. intra- vs. extra-articular) contained as few
as three patients per category, severely limiting the value of those
analyses in this study. Second, μFEA of a distal radius fracture, or
metaphyseal fractures in general, has not yet been validated. Thus, we
cannot currently state that the calculated stiffness parameters corre-
spond to the actual biomechanical characteristics of the fracture region.
Nevertheless, as our earlier studies have also shown, HR-pQCT and
μFEA are able to assess both initial fracture features as well as changes
during fracture healing with an association with functional outcome
[9,12,22].
In conclusion, this exploratory study suggests that initial fracture
characteristics as assessed with μFEA based on HR-pQCT images are
associated with long-term pain and functional impairment after a
conservatively treated distal radius fracture in postmenopausal women.
Follow-up studies with larger cohorts are needed to validate and re-
plicate these results, including analyses of potential confounders at
baseline. Furthermore, it remains to be elucidated if bone strength at
3–4weeks post-fracture is only an indicator of long-term outcome, or if
it is also a potential target for interventions. In the future, HR-pQCT
with μFEA could be of use as an early outcome measure (as surrogate
for long-term functional outcome) in both clinical trials investigating
fracture healing as well as in clinical practice, identifying those patients
that are at risk of insufficient recovery after a distal radius fracture.
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